Malignant melanomas are known to express vimentin, among other intermediate filaments. Though anomalous keratin expression by malignant melanoma has been reported, its frequency is not well-established and this phenomenon is not well-known. We have seen in consultation a number of malignant melanomas with anomalous expression of keratin, other intermediate filaments, or synaptophysin, and therefore studied a large group of primary and metastatic melanomas to determine the frequency of these events. About 73 cases of malignant melanoma (22 primaries and 51 metastases) from 71 patients (51 male, 20 female; mean 59 years, range 17-87 years) were retrieved from our archives. Prior diagnoses were confirmed by re-review of hematoxylin and eosin sections and relevant (e.g., S100 protein, HMB45, Melan-A, and tyrosinase) immunohistochemical studies. Available sections were immunostained for keratin (OSCAR and AE1/AE3 antibodies), desmin, neurofilament protein, glial fibrillary acidic protein, synaptophysin, and chromogranin A. Not all cases could be tested for all markers. Cases were predominantly epithelioid (48/73, 66%) or spindle cell/desmoplastic (25/73, 34%). S100 protein, Melan-A, HMB45, and tyrosinase were positive in 60/65 (92%), 34/64 (53%), 30/60 (50%), 25/48 (52%) of cases, respectively. All five S100-protein-negative cases expressed at least one of the other melanocytic markers: Melan-A (two of four, 50%), HMB45 (two of three, 67%), and tyrosinase (one of two, 50%). All cases expressed at least one melanocytic marker. Cases were positive for keratin (OSCAR, 17/61, 28%; AE1/AE3, 16/40, 40%), desmin (11/47, 24%), neurofilament protein (5/31, 16%), glial fibrillary acidic protein (3/32, 9%), and synaptophysin (10/34, 29%), typically only in a minority of cells. Chromogranin was negative (0/32, 0%). 
immunohistochemical studies for markers such as S100 protein, HMB45, Melan-A, tyrosinase, microphthalmia transcription factor (MiTF), and SOX10 for definitive diagnosis. The notoriously protean appearance of melanoma often generates a broad, differential diagnosis, including a wide variety of other epithelioid, round cell, and spindle cell neoplasms. Thus, melanoma-associated immunohistochemical markers often comprise only one part of a larger immunohistochemical panel, including various intermediate filament proteins (e.g., keratins for carcinoma and desmin for myogenic tumors) and neuroendocrine markers (e.g., synaptophysin and chromogranin A), among others.
With widespread use of ancillary immunohistochemistry, and near-universal use of epitope retrieval techniques, pathologists have come to appreciate that many neoplasms may occasionally show unexpected expression of any number of markers, so-called 'anomalous' or 'aberrant' immunoreactivity. 1 Welldescribed examples of this phenomenon include keratin expression in angiosarcoma, 2 leiomyosarcoma, 3 and Ewing sarcoma, 4 and synaptophysin expression in alveolar rhabdomyosarcoma. 5 It is less widely appreciated that melanomas too may show aberrant expression of various immunohistochemical markers, with a relatively small number of reports, of melanomas showing expression of intermediate filaments other than vimentin (e.g., keratins, desmin, neurofilament protein, and glial fibrillary acidic protein) [6] [7] [8] and/or neuroendocrine markers. [9] [10] [11] Over the past several years, we have seen in consultation a significant number of melanomas in which aberrant expression of intermediate filaments and/or neuroendocrine markers obscured the correct diagnosis, and prompted consideration of various non-melanocytic neoplasms, including carcinoma, rhabdomyosarcoma, neural neoplasms, and various neuroendocrine tumors. As no study to date appears to have comprehensively examined this issue, we evaluated a large number of well-characterized melanomas, using contemporary immunohistochemical techniques, to better determine the actual frequency of aberrant expression of these markers.
Materials and methods
This study was approved by the Mayo Clinic Institutional Review Board. All available slides and blocks from 73 cases of melanoma were retrieved from our institutional and consultation archives. Cases had been previously classified as 'melanoma' by a combination of clinical history, routine morphological evaluation, and ancillary immunohistochemistry for melanoma markers, including S100 protein, HMB45, Melan-A, and tyrosinase,. Antibodies to MiTF and SOX10 are not currently available in our clinical laboratory and were not utilized for diagnosis. For institutional cases, only definitive excision specimens were studied. For immunohistochemistry, 4-μm formalin-fixed, paraffinembedded tissue sections were immunostained using heat induced epitope retrieval, the Ventana Benchmark XT platform (Ventana Medical Systems, Tucson, AZ, USA), the Ultraview DAB detection system (Ventana), and commercially available antibodies to keratins (clone AE1/AE3 
Discussion
The results of the present study suggest that aberrant expression of non-vimentin intermediate filaments Figure 1 Primary epithelioid melanoma (a), positive for both S100 protein (b) and HMB45 (c). This case showed '2+' aberrant cytokeratin expression, using the AE1/AE3 antibody cocktail (d).
and synaptophysin are relatively a common phenomena in melanoma, present in roughly equal numbers of primary melanomas and metastatic melanomas. While our results are in general agreement with the literature, the percentage of positive cases in the present series is somewhat higher than has previously been reported. This is likely due to selection bias secondary to our inclusion of consultation cases, at least some of which were referred to us specifically because of these findings.
The intermediate filaments, consisting of five principal subgroups (types I and II-the acidic and basic keratins; type III-desmin, glial fibrillary acidic protein, peripherin, and vimentin; type IV-α-internexin, neurofilaments, synemin, and syncoilin; and type V-nuclear lamins) comprise the major structural component of the cytoskeleton and have critical roles in the regulation of the nucleus and in the maintenance of cell stiffness, formation of lamellipodia, regulation of cell migration, and cell adhesion. 12 With the advent of immunohistochemistry in the early 1980s, it was swiftly recognized that expression of intermediate filaments subgroups was restricted in human tissues and their neoplastic derivatives, with mesenchymal tissues and tumors chiefly expressing vimentin, epithelia and carcinomas showing keratin expression, and muscle of all types and myogenous tumors displaying desmin expression. [13] [14] [15] The earliest immunohistochemical studies of melanoma, performed chiefly by immunofluorescence on fresh, frozen tissues, showed melanocytes and melanomas to express only vimentin. [16] [17] [18] Gatter et al 19 These investigators also demonstrated with western blot that keratin-immunoreactive melanomas were truly producing keratin peptides. Interestingly, Zarbo et al 6 were only able to find aberrant keratin expression in recurrent or metastatic melanomas. Similar findings were reported by Ben-Izhak et al, 21 with aberrant keratin expression noted only in metastatic, as opposed to primary, melanomas. Subsequently, a modest number of studies have confirmed these early observations, with aberrant keratin expression reported in up to 10% of formalin-fixed, paraffin-embedded melanomas. 7, [22] [23] [24] [25] Keratin mRNA expression in melanoma has also been confirmed with in situ hybridization. 8 Our present findings are in general agreement with the literature, with aberrant keratin expression noted in 40% of cases immunostained with the AE1/AE3 antibody cocktail, and 28% of cases immunostained with the OSCAR antibody. The higher frequency of keratin expression in the present series presumably reflects our use of modern epitope retrieval and detection techniques, as well as consultation bias. The lower sensitivity of the OSCAR antibody is most likely due to its identification of fewer keratins as compared with AE1/AE3. Although it is not known exactly which keratins OSCAR identifies, our own anecdotal experience shows the immunoreactivity of OSCAR to roughly parallel that of Cam 5.2 (which identifies keratins 8, 18, and 19). In contrast, AE1/ AE3 identifies a much broader range of acidic (AE1) and basic (AE3) keratins. In contrast to prior reports, however, we did not note any difference in the frequency of keratin expression in primary versus metastatic melanomas. Aberrant keratin expression was, however, considerably more common in epithelioid, as compared with spindle cell/desmoplastic, melanomas.
As with keratins, the earliest immunohistochemical studies of desmin expression showed it to be restricted to smooth, skeletal, and cardiac muscle, and to tumors showing smooth or skeletal muscle differentiation. [13] [14] [15] Similarly, the first studies specifically examining melanomas found them to be desmin-negative. 20 , 26 Truong et al 27 were the first to note limited desmin expression in a single case of melanoma, studied as part of a much larger survey of desmin expression in human neoplasia. Subsequently, a very small number of desmin-positive melanomas have been reported, [28] [29] [30] including some showing smooth 31 or skeletal muscle differentiation. 32 We are aware of only a single prior study, published in abstract form, which has examined melanomas more systematically for desmin expression. 23 Surprisingly, we found desmin expression in 24% of cases, typically confined to only a small number of cells, but on occasion showing more diffuse labeling. Two of these 11 desmin-positive cases showed in addition morphological features suggestive of skeletal muscle differentiation, and were found to be positive for the skeletal muscle-specific Figure 4 Metastatic melanoma, presenting in an axillary lymph node (a). This case was strongly Melan-A positive (b), but entirely S100 protein negative (c). Strong aberrant cytokeratin expression was seen (d).
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Aberrant marker expression in melanoma markers myogenin and MyoD1. Interestingly, aberrant desmin expression was a relatively frequent finding in S100 protein-negative melanomas, present in three of five such cases. This likely represents referral bias, as these were all consultation cases.
Aberrant expression of neurofilament protein and glial fibrillary acidic protein has also only very rarely been reported. Using frozen sections, Miettinen and Franssila, 20 noted scattered neurofilament-positive cells in 2 of 15 metastatic melanomas, all of which were glial fibrillary acidic protein negative. Similarly, Shah et al 33 found only a single neurofilamentpositive melanoma out of 64 examined melanomas. Neurofilament expression has, however, been reported in a higher percentage of melanomas in some small series, including those of Eyden et al, 11 Lee et al, 9 and the previously mentioned abstract published by Azam et al. 23 Neurofilament expression has also been reported in very rare melanomas showing overt ganglioneuromatous differentiation. 34 With the exception of the abstract published by Azam et al, 23 we are aware of only a single study that has systematically evaluated glial fibrillary acidic protein expression in melanoma, by Iwamoto et al, 35 showing expression in 9/17 (53%) spindled and 2/10 (20%) melanomas. We noted aberrant neurofilament protein and glial fibrillary acidic protein expression in 16% and 9% of tested cases, respectively, confirming these prior observations. Synaptophysin, a transmembrane glycoprotein present on presynaptic vesicles, is involved in the packaging, storage, and release of neurotransmitters and also functions as a membrane channel protein. 36 Synaptophysin is normally expressed by neurons, endocrine and neuroendocrine cells, adrenal cortical cells and adrenocortical tumors, neuroendocrine carcinomas of various grades including Merkel cell carcinomas, paragangliomas, neuroblastomas, and esthesioneuroblastomas. 37, 38 Chromogranin A, a calcium-binding granin protein, is present in the dense core granules of neural and neuroendocrine cells. 37, 38 Chromogranin A expression in normal tissues generally parallels that of synaptophysin, although it is not expressed by adrenal cortical cells. 37, 38 Aberrant synaptophysin expression is generally quite unusual, but may be seen in a consi- Figure 5 Melanoma, metastastic to the small bowel (a). This case was strongly positive for S100 protein (b) and HMB45 (not shown), and in addition showed strong expression of synaptophysin (c) and glial fibrillary acidic protein (d).
derable percentage of alveolar rhabdomyosarcomas, 5 a minority of extraskeletal myxoid chondrosarcomas, 39 and very rare angiosarcomas. 40 Aberrant chromogranin A exception is exceptional, seen only in very rare alveolar rhabdomyosarcomas 5 and angiosarcomas. 40 Synaptophysin expression has been reported previously in o10 melanomas, 9,10,34,41 including 1 case with overt ganglioneuromatous differentiation 34 and 2 cases showing actual neuroendocrine differentiation, in the form of chromogranin A co-expression and ultrastructurally confirmed dense core granules. 41 We identified synaptophysin expression in nearly 30% of tested melanomas, suggesting that this phenomenon may be considerably more common than has been previously appreciated. In contrast, chromogranin A expression was absent in all cases.
The chief significance of aberrant intermediate filament and/or synaptophysin expression in melanoma is likely its potential for diagnostic confusion. Whether or not these findings become problematic is, however, highly idiosyncratic and dependent to a large degree on the clinical and morphological features of any given case, on the differential diagnosis generated by the reviewing pathologist, and on his/her immunohistochemical approach to the case. Obviously, aberrant marker expression will never be an issue for melanomas in which diagnosis is possible without ancillary immunostains or when only confirmatory immunostains for S100 protein and specific melanocytic markers are needed. Similarly, if the reviewing pathologist is aware of the potential for melanomas to show aberrant intermediate filament and/or synaptophysin expression, these findings should be the cause for little concern in lesions evaluated with a sufficiently broad immunohistochemical panel, including S100 protein and other melanocytic markers. It is critical both that this panel not be limited to S100 protein (as roughly 2% of melanomas lack S100 protein expression) and that S100 protein not be omitted, as appreciable subsets of melanomas lack expression of HMB45, Melan-A, or tyrosinase. 42, 43 More recently developed markers such as MiTF and/or SOX10 may also be of value in selected cases, although these markers lack perfect specificity for melanoma. [44] [45] [46] [47] [48] In our experience, two other scenarios where aberrant marker Aberrant marker expression in melanoma expression in melanoma causes difficulty is when the referring pathologist hasn't considered the possibility of melanoma or is simply unaware that this may happen. Failing to include melanoma in the differential diagnosis seems most often to happen for lesions occurring in non-cutaneous locations (especially the sinonasal region and viscera), in the metastatic setting when a prior history of melanoma has not been provided, and in exclusively spindled or round cell (small cell) melanomas. The presence of diffuse, strong S100 protein immunoreactivity in a malignant-appearing spindle cell lesion should always prompt consideration of melanoma, especially as many such lesions will lack expression of other melanocytic markers. 49 On the other hand, round cell melanomas, particularly in the sinonasal region, often show patchy or no S100 protein expression, showing instead uniform expression of more specific melanocytic markers. 9, 50 In summary, we have identified aberrant expression of various intermediate filaments, including keratins, desmin, neurofilament protein and glial fibrillary acidic protein, and of the neuroendocrine marker synaptophysin in significant subsets of both epithelioid and spindle melanomas. These findings have obvious implications with regard to the use of ancillary immunohistochemical studies in the diagnosis of melanoma, and emphasize the need to employ a broad panel of markers in the differential diagnosis of poorly differentiated cutaneous tumors and in the setting of metastasis. Aberrant intermediate filament or synaptophysin expression in melanoma is typically confined to a minority of cells, an important clue. Thankfully, the overwhelming majority of melanomas showing aberrant expression of these proteins will express one (or more) of the specific markers of melanocytic differentiation (e.g., HMB45, Melan-A, and tyrosinase). Application of such markers is particularly critical for the correct diagnosis of S100 protein-negative melanomas, which seem to show aberrant intermediate filament protein expression in a higher than expected percentage of cases. Aberrant intermediate filament or synaptophysin expression in melanoma does not appear to be clinically significant, as it is seen in roughly similar percentages of primary tumors and metastases. Awareness by pathologists of these potentially significant pitfalls should greatly reduce the potential for misdiagnosis of these unusual tumors as non-melanocytic tumors.
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